In this study, batch biohydrogen production by co-digestion of raw rice straw and activated sewage sludge was investigated with different inoculum heat treatment, pH, S/X ratio (based on VS) and substrate sizes under mesophilic condition. In order to achieve a high bio-hydrogen yield and methanogens activity inhibition, heat treatment of inoculum was optimized at different exposure times (30, 45 & 60 min) and temperature ranges (80, 90 and 100 °C) prior to dark fermentation process. Collected data was analysed using response surface methodology (RSM).The heat treatment of inoculum at 100 °C for 60 minutes produced the highest bio-hydrogen yield of 14.22 NmL H2/g VS at concentration of 70.97 % and Production of 0.073 NmLCH4/gVS at 0.17% concentration in total produced biogas. The raw rice straw was also co-digested with heat-treated inoculum at different ratios of volatile solids (2:1, 4:1 and 6:1) and initial pH (4, 4.75 and 5.5) as numerical variables and 4 categories of substrate size ( (250-500 µm], (500 µm-2mm], (2-20mm), [20-30mm]) . The highest bio-hydrogen yield of 14.70 NmL/g VS was recognized at the optimum initial pH of 5.01 and S/X ratio of 4.54:1 using 2-20 mm rice straw.
Introduction
Nowadays, many research works and pilot or industrial projects are being conducted all over the world revolving around biofuels. Bio-hydrogen as an energy career is becoming more attractive gradually and many studies cover wide range of issues in this field. Main subjects of these studies mostly include production, optimisation, method development and consumption of bio-hydrogen.
Bio-hydrogen inoculum and feedstock are the main components of bio-hydrogen production that can significantly affect bio-hydrogen production yield (HPY). Mixed culture is a mixture of different bacteria that contains a community of bio-hydrogen producer bacteria as well. Mixed culture can be obtained from aerobic or anaerobic sludge in wastewater treatment plants or compost piles or any other source of bacteria [1] . Since mixed culture contains different types of bacteria, it also contains methanogens or other hydrogen consuming bacteria. Methanogens, in one of their metabolism stages consume hydrogen to produce methane. Therefore, to produce bio-hydrogen from activated sewage sludge as a mixed culture , some treatment methods should be applied on it to inhibit methanogens activity or other hydrogen consuming bacteria [2] . There are few studies [3, 4] that have used untreated mixed culture, but the yield is mostly lower compared to studies which have used treated mixed culture. There are many different methods to treat mixed microflora inoculum. Pretreatment methods reported in most research works mainly include heat-shock [2, 5, 6] , acid [7, 8] , base [8] , aeration, freezing and thawing, chloroform, sodium 2-bromoethanesulfonate or 2-bromoethanesulfonic acid [2] , photocatalytic pretreatment [8, 9] and ultrasonic treatments [8, 10] . Heat shock is the most commonly used methods for treatment of mixed culture. Wide ranges of time, mostly from 15 to 80 minutes and temperature mostly from 60 to 120 °C have been reported in different studies to treat different types of mixed cultures [11] [12] [13] [14] [15] .
Lignocellulosic waste materials are a huge group of biomasses that has bio-hydrogen production potential. Agricultural residues as a source of lignocellulosic waste materials are extensively used in bio-hydrogen production studies. Rice straw, wheat straw, sugar cane bagasse, beer lees, jackfruit peel and food waste are some of waste materials that are recently used in some research works for bio-hydrogen production [2, 13, [16] [17] [18] [19] [20] [21] . Lignocellulosic materials have complex structure made from cellulose, hemicellulose, and lignin and consist of 50 to 80% carbohydrates in dry weight [22] . Pretreatment methods have been used to break down the complex structure of lignocellulose to make them a more bio-degradable feedstock for biofuel production. These methods can be divided to 3 major groups, Physical pretreatment (size reduction, stream explosion and gamma rays usage), Chemical pretreatment (acidic and alkaline pretreatments) and biological pretreatment (enzymatic pretreatment). Mostly, a combination of these technologies produces better results [23] . The overall goal of all these methods are to change the structural and compositional properties of lignocellulosic biomass like presence of lignin and hemicellulose , decrease crystallinity of cellulose and to enhance accessible surface area; moreover it is expected from these technologies to make cellulose and hemicellulose more accessible for enzymes and bacteria [22] .It should be considered that these pretreatment methods are always costly and sometimes not environment-friendly due to the usage of acid, base or the amount of energy used. As an example, biological pretreatment that seems more environment-friendly compared to the chemical pretreatment, is recognized as a time consuming process (10 -14 days) and cannot be considered as a proper industrial method. On the other hand, the requirements of this bio-process, large space for conducting the process and the controlled environment, make it less attractive for large and industrial scales [23] . Size reduction is one of the most simple and widely used physical treatment methods of lignocellulosic waste materials in both lab and industrial scales [23, 24] . In most researches, very fine lignocellulosic particles are used as raw lignocellulose [4, 25] , while some researches indicate that size reduction less than 0.4 mm has not any significant effect on yield of lignocellulosic waste material hydrolyses [4, 23, 26] . Grinding and milling are used to make lignocellulosic particles smaller than 2mm.Since the Specific Energy Requirement (SER) to carry out milling or grinding is high, it is very important to do these mechanical treatments in a proper way [24] .
Temperature is one the most affecting factors in bio-hydrogen production. Bio-hydrogen can be produced by mesophillic (25 to 40°C), thermophilic (40 to 65°C), extreme thermophilic (65 to 80°C) and hyperthermophilic (>80°C) microorganisms of the archaea and bacteria domains [27] . Under the same operating conditions a thermophilic bioreactor has a higher yield of bio-hydrogen production compared to a mesophilic bioreactor. On the other hand, a thermophilic experiment consumes more energy compared to a mesophilic experiment, and the difference between yields in thermophilic and mesophilic is not always highly significant considering the difference in the amount of consumed energy. Conducting a fermentation process in the mesophillic condition by optimization of other effecting factors on HPY will save lots of energy which is important for a successful large scale project [28] . pH is another important affecting factor for metabolism of microorganisms. The reason for that is pH directly affects hydrogenase activity or metabolic pathways [29] . Many studies are done to investigate pH effect on biohydrogen production using different inoculums and substrates [29] [30] [31] [32] [33] . Since most of the studies were conducted in batch mode without a pH controller, only the effect of initial cultivation pH, shortly called initial pH, on fermentative bio-hydrogen production was investigated. Many different pH rates are reported as the optimum pH. Davila-Vazquez et al., (2008) , [34] reported pH 7.5 as the optimum pH, while Ramos et al.,(2012), [29] or Fan et al.,(2004) , [35] have reported pH 5.5 as the optimum initial pH.
Volatile solid has a significant role in a successful fermentation process. S/X ratio (based on VS) could be an indicator of C/N ratio. Effect of C/N ratio is proven to be important for growth of microorganisms [36] [37] [38] . High initial VS impairs mass transfer between microorganisms and substrate while the very low VS restricts metabolisms in other ways. In different studies various ranges of initial total or volatile solids are elaborated [29, 39, 40] . There are few studies that deliberated S/X ratio for bio-hydrogen production [41] .
This study tried to optimize bio-hydrogen production from co-digestion of RS and ASS in mesophilic conditions. To accomplish this objective, optimum conditions for heat treatment of used inoculum in this study were determined and subsequently optimum pH, S/X ratio (based on VS) and RS size were identified to achieve maximum hydrogen production yield. Published research works on heat-treatment of inoculum introduce many different heat treatment conditions as the optimum heat-treatment condition. Choosing one of these conditions could be somewhat effective on inhibition of methanogens activity but there was no guarantee that the chosen heat treatment is the optimum heat treatment for our inoculum. Therefore, the plan for heat treatment in this study was to choose a range of time and temperature which was widely used in research works and try to find the optimum point for used ASS.
Materials and methods

Raw materials
Activated sewage sludge (ASS) from inflow of digestion tank in a wastewater treatment plant (Ibaraki-ken, Japan) was used as the inoculum and co-substrate. The sludge was filtered using a 1mm screen and stored at 4 °C until the experiment day. The harvested rice straw (November 2012) was obtained from Tsukuba, Ibaraki-ken, Japan. For this study, rice straw (RS) was cut to 20-30 mm pieces from head to the bottom of the stem together with leaves (to fit the small size of bioreactor), completely mixed and divided to 15 gram portions labelled "Intact RS". Each portion of RS was mixed for 10 seconds using a home mixer. A sieve with mesh number 60 (250 µm) was used to separate powder and very small particles which was not used for this study. The residue was filtered using sieve with mesh number 35 (500 µm); this part was labelled as "Fine RS" (250-500 µm). The common industrial name of this lignocellulosic biomass particles size is known as intermediate micronized particles [42] . Using a sieve with mesh number 10 (2mm), particles smaller than 2mm and larger than 500 µm was separated and labelled as "Medium RS"(500 µm-2mm); in industrial scale this size of particles are result of coarse milling process. Residue of sieve with mesh number 10 was labelled "Large RS" whish were (2mm -20 mm); in industrial plants this is achieved by cutting or crashing of biomass. The prepared samples were kept in disposable plastic cups, sealed using plastic covers and kept in room temperature inside a desiccator prior to usage [24, 43] .
Bioreactor setup
150 mL sealable serum bottles with maximum working levels of 120 mL were used as batch bioreactors. For each experiment, ASS and RS was prepared according to the design. pH was set using HCl 1 or/and 0.1 mol/L HCl [44] . According to each experimental design, certain amount of ASS and/or RS was mixed in bioreactors. To provide anaerobic condition, nitrogen gas with injection rate of 5ml/sec was injected into each bottle for 2 minutes. Each bottle was air sealed with rubber stoppers and aluminium seals. All of the bottles were checked for probable leakage before being placed in the water bath shaker. Co-digestion was conducted in anaerobic mesophillic condition (35°C) for 72 hours. The electrical water bath shaker was used to ensure constant temperature and mixing during fermentation process.
Inoculum heat treatment optimization
The first step in this study was to find proper heat treatment time and temperature to treat ASS as a suitable biohydrogen production inoculum. To choose the optimum heat treatment condition of ASS temperature and time of heating were chosen as variables. Range of temperature was 80-100 °C and time range was chosen at 30 -60 minutes. In this step, 13 tests were conducted with specifications shown in Table 2 .
Optimization of S/X ratio (based on VS) and initial cultivation pH
In these experiments, rice straw and heat-treated inoculum was used for bio-hydrogen production optimization. The highest yielding heat treatment from section (2.3) was chosen as the heat treatment method. Using RSM, 13 batch tests were designed considering 2 numerical variables pH (4, 4.75 & 5.5) and S/X ratio (2:1, 4:1 & 6:1). Large rice straw size "large RS" was chosen to be the substrate sample. Variables were coded according to Equation (1) Coded and real values of variables for these experiments are shown in Table 4 , For each ratio, an exact amount of rice straw was calculated, measured and added to 100 mL heattreated ASS.
Substrate size optimization
This experiment was carried out to find the optimum size of rice straw for fermentation in mesophillic condition and to find out if size reduction has any effect on bio-hydrogen production. Rice straw with different sizes was used as the substrate and heat-treated ASS as the inoculum. Optimum pH and optimum S/X ratio achieved in section 2.4 were used to design the experiment. In this stage, triplicate tests were conducted for each size. Total of 12 tests were carried out in bio-reactors as described in section 2.2.
Production of bio-hydrogen in optimum condition
To produce bio-hydrogen from co-digestion of rice straw and activated sewage sludge, triplicate batch tests were carried out. Optimum heat treatment condition, optimum pH, S/X ratio and rice straw size was applied for anaerobic co-digestion of RS and ASS in mesophilic batch bioreactors. By running these experiments the validity of RSM results were verified as well. The experiment procedures and facilities were exactly similar to previous experiments.
Experimental design and data analyses
RSM, including three levels, two factors and central composite design (CCD) was used in this study to design the experiments, model making, analyses of interactive and individual effects of different factors and finding of optimum conditions. Design Expert version 6.0.6 was used as the RSM software. The variables were coded according to Equation.
(1).
Where is the coded value of i th test variable, is the real value of i th test variable, * is the value of Xi at the centre point and ∆X i is the step size.
Analytical methods
Total solid (TS), volatile solid (VS), carbon and nitrogen content (C, N) were measured according to standard methods [45] for both RS and ASS as well as pH for ASS . Biogas composition including hydrogen, methane, and carbon dioxide, and concentration of each component was determined by a gas chromatograph (GC-8A, SHIMDAZU, Japan). Two detectors were used during measurements. The thermal conductivity detector set on 80 °C and a porapak Q column set on 60 °C. Carrier gas was Nitrogen (N2) and head pressure was set to 600 k Pa. All the gas amounts were converted to Normal volume (NTP, 0 °C, 1013 hPa). Based on GC machine's manual and gas area figures that are the output of the GC machine, quantity of H2, CH4 and CO2 in 1ml of gas samples were calculated using Equation (2), (3) and (4).
H2 area / 40,000 = qH2 quantity in 1mL gas sample, Equation (2) CH4 area /7479.47= qCH4 quantity in 1mL gas sample, Equation (3) CO2 area / 3667.21= qCO2 quantity in 1mL gas sample, Equation
In the next step, percentage of each individual gas in total biogas was calculated using Equation (5), (6) and (7). H2% = 100 H2 / q H2+ qCH4 + qCO2 Equation (5) CH4% = 100 CH4/ q H2+ qCH4 + qCO2 Equation (6) CO2% = 100 CO2 / q H2+ qCH4 + qCO2 Equation (7) Using the calculated percentage and the amount of accumulated biogas in the syringe, total quantity of each gas was measured.
3 Results and discussion
Characterization of raw materials
Characteristics of activated sewage sludge and rice straw is presented in Table 1 . The data shows that RS has high total solid with an average of 94% while ASS contains total solid of 0.5%. ASS and RS do not have any significant difference in terms of carbon content percentage in TS. Nitrogen content of ASS is 6.5 times more than RS nitrogen content based on TS. Since nitrogen content of RS is low (less than 1% of TS) co-digestion of RS and ASS (high content of nitrogen, 5.86 % of TS) can enhance C/N ratio of the mixture. Suitable C/N ratio range for bio-hydrogen production is always reported to be more than 20 [36, 37] . Table 1 shows C/N ratio of ASS is 5.70 and this low ratio properly shows the necessity of an additional carbon source to increase C/N ratio. Rice straw, due to its high content of carbon, could be a reasonable selection as an additional carbon source in codigestion with ASS. 
Effect of heat treatment optimization of activated sewage sludge
To find the optimum heat treatment condition, 13 experiments were carried out according to the described details in (Sectin2.3). Coded and actual values of variables as well as actual values of bio-hydrogen production yield (HPY) and percentage, for each experiment indicates in Table 2 . 
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− X1X2 Equation (8) Where HPY is the bio-hydrogen production yield which was dependent on two variables of temperature (X1) and time (X2).
As it is shown in Table 3 , the calculated F-Value (46.15) of the quadratic model is higher than the tabulated Fvalue (2.91) at the level of 5% and (4.64) at the level of 1% and it shows that our model predicts the experimental data correctly. Moreover, P-Values for model terms are less than 0.0001, which is lower than 0.0500 and indicates that the model terms are significant. In our quadratic model the value of coefficient of variation (CV) was 3.11% which indicates the closeness of the predicted value by our model to the actual values. For an accurate model, "Lack of Fit F-value" should be insignificant. P-value for Lack of Fit > 0.05 is insignificant and indicates the adequacy of the model. "Lack of Fit F-value" of 3.61 implies that the lack of fit is insignificant relative to pure error. "Pred R-Squared" of 0.8347 is in reasonable agreement with the "Adj R-Squared" of 0.9495. "Adeq Precision" measures the signal to noise ratio. Our ratio of 20.958 is greater than 4 that indicate an adequate signal. All these parameters show that this model can be used to navigate the design space. To generate three-dimensional response surface plots, one variable was kept at its central level and the other one was varied within the experimental range. In Figure 1 bio-hydrogen yield over two numerical variables of time and temperature is estimated by three-dimensional response surface (a) and two-dimensional counter lines (b). shows that dependency of HPY on time, in a lower temperature was more than dependency of HPY on time in a higher temperature. For instance, in 80 °C for one minute increase of heat treatment time, HPY increased 0.146 Nml H2/gVS . In 90 °C and 100 °C the increase rates were 0.130 and 0.095 Nml H2/gVS respectively. These statements show the important effect of heat treatment time on HPY especially in lower treatment temperatures. Time and temperature of heat treatment were two variables of these experiments and other parameters (S/X ratio and pH) were constant. Therefore in control tests untreated ASS was used at the same pH as of other bioreactors (5.5) and 2 grams of "Large RS" were added to it. HPY was 7.6 + 0.50 NmLH2/gVS being 33% of total produced biogas at the end of the third day. Comparison of HPY of untreated ASS and HPY of optimum heat treatment condition showed a significant difference between HPY of treated and untreated ASS. Decrease in concentration of bio-hydrogen and increase in concentration of methane in control test compared to HPY of optimum condition clearly showed the activity of methanogens. These results indicated that in untreated ASS, the produced bio-hydrogen was consumed by methanogens.
Triplicate control tests were conducted using heat-treated ASS, no added RS and at the natural pH of ASS (pH: 6.2). Control tests, resulted in average bio-hydrogen production of 1.78 NmL H2/gVS. Same control tests were repeated for untreated ASS resulted in 2.01 Nml CH4/g VS and only 0.07 NmL H2/gVS.
Data analyses using RSM introduced maximum HPY, maximum concentration of bio-hydrogen gas and minimum production of CH4, at 100°C and 60 min. Predicted HPY in the optimum condition was 14.22 NmL H2/g VS and predicted bio-hydrogen concentration was 70.98 % in total biogas. Predicted Methane yield was 0.02 Nml CH4/g VS and predicted methane concentration was 0.074%. The triplicate batch tests were conducted to verify the optimum condition introduced by RSM. These tests resulted in average HPY of 14.10 + 0.2 NmL H2/gVS at concentration of 69.45+ 0.96 % and bio-methane yield in these tests had an average of 0.073 + 0.032 NmLCH4 /g VS at 0.17 + 0.06 % concentration in total produced biogas. This very low production of methane demonstrates clearly that the optimum heat treatment inhibits methanogens activity.
Comparison of the results with other studies shows that 69.45% is a comparatively high percentage of produced bio-hydrogen in total produced biogas. For instance, Chu et al.,( 2013), [31] produced biohydrogen in batch mode, mesophilic condition using heat-treated(100 °C, 60 min) mixed culture. They achieved 56% bio-hydrogen in total produced biogas. Although Mohd Yasin et al., (2011), [33] had done the experiments in thermophilic condition, the highest yield after heat treatment (80 °C, 30 min) was 54.4% bio-hydrogen in total produced biogas. Baghchesaraee et al.,(2008), [14] who investigated effect of different heat treatment temperatures on biohydrogen production from mixed microflora, reported 56.2% bio-hydrogen production after optimum heat shock [4] compared treated and untreated digested sewage sludge in a study and reported a higher yield of bio-hydrogen production for the untreated sludge. In thermophilic condition (55°C) for ten days, they produced 58% bio-hydrogen in total biogas and the maximum hydrogen yield was 16.58 Nml H2/g VS added straw.
None of these studies reported the quantity or percentage of methane or carbon dioxide. Nevertheless, the lower percentage of bio-hydrogen production in those studies compared to this study proved the effectiveness of our heat treatment optimization process.
Effect of S/X ratio and initial cultivation pH optimization
To investigate the effects of VS and initial pH on HPY , 13 batch tests were designed using RSM. Results of experimental procedures based on real and coded values of two variables (S/X ratio, pH) are presented in (table  4) . 
Equation (9)
Where X1 is the S/X ratio (based on VS) and X2 is pH . . ANOVA table also indicates "p-value" of regression model to be less than 0.0001, which was significantly lower than 0.0500. Therefore, our model was proven to be a proper model. The "Lack of Fit F-value" was 2.31 and P-value for Lack of Fit was in the insignificant range (0.05-0.99). Therefore the lack of fit was insignificant relative to the pure error and it showed that the model describes the experiment accurately. The value of coefficient of variation was 5.31%. This low CV indicated the closeness of the predicted value by our model to the actual values. The "Pred R-Squared" of 0.8640 was in reasonable agreement with the "Adj RSquared" of 0.9541. "Adeq Precision" measures the signal to noise ratio. A ratio greater than 4 is desirable. Our ratio of 20.534 indicated an adequate signal. These facts show that this model can be used to navigate the design space. In Figure 3 , HPY over two numerical variables of S/X ratio and pH was estimated by the three-dimensional response surface (Fig 3,a) and two-dimensional counters lines (Fig 3,b) . Figure 3 shows increase of HPY with increase in S/X ratio or pH. This incremental pattern continues until HPY arrives at its peak point. After peak point, the graph shows decrease of HPY with a further increase in S/X ratio and pH. Predicted HPY (by RSM) in peak point (pH=5.01, S/X= 4.54:1) was 14.70 mL H2/g VS, with 69.96 % of total produced biogas. Initial C/N ratio in this peak point was calculated to be 29.75.The figure also indicates that variation of pH in the study range has less effect on HPY compared to the variation of S/X ratio. Triplicate control tests were conducted using heat-treated ASS, no added RS and at the natural pH of ASS (pH: 6.2). These control tests were designed to show the importance and effectiveness of VS ratio optimization, and changing of pH to the optimum value. Control tests, resulted in average bio-hydrogen production of 1.78 NmL H2/g VS. This very low HPY contribution from the inoculum clearly showed that conducting co-digestion using ASS and RS has been a successful approach. It also showed that natural pH of ASS is not suitable for biohydrogen production and changing pH of ASS to a more acidic condition enhanced bio-hydrogen production. also we can deduce that 12.92 NmL H2/g VS is produced by degradation of RS itself in optimum condition.
Pakarinen et al.,(2008), [41] investigated the effect of VS ratio (1:1, 1.5:1 and 2:1) and pH (4, 5 & 6) using heattreated mixed culture. The highest bio-hydrogen yield of 4.0 mLH2/g VS in ratio 2:1, pH 5 and mesophilic condition was achieved. In this study, we chose to investigate VS ratio higher than 2 to cover the gap in Pakarinen et al.'s study.
Several studies which were conducted in mesophilic condition using raw lignocellulosic waste materials show lower yield compared to our study. For instance, Nasirian et al., (2011), [13] used raw wheat straw as substrate
and heat-treated (70° for 60 min) mixed culture as inoculum in mesophilic condition in the control tests of their study; the yield of bio-hydrogen production was 6.4 NmL H2/g VS. Fan et al.,(2004) , [35] produced 1NmL H2 /g VS from raw wheat straw using infrared treated cow dung compost as inoculum in mesophilic condition. Li and Chen., (2007), [46] produced 9 NmL H2 /g VS from raw corn straw using pure culture as inoculum in mesophilic condition.
This high yield of bio-hydrogen production in mesophilic condition from raw rice straw proves the significant effect of optimization of different factors on bio-hydrogen production yield.
Data gathered in previous studies on initial concentrations of substrates and/or inoculums or C/N ratio introduces various conditions to be optimal. It can be deduced from versatility of these results that optimum initial concentration is highly dependent on the substrate and the inoculum characteristics. Hence it should be logical to measure initial concentration of the substrate and inoculum for each individual study rather than referring to the previous works done with different substrates and inoculums.
Effect of rice straw size on bio-hydrogen production
The experiment details are described in section 2.5, and the results of triplicate tests for each rice straw size are presented in Figure 4 . The results indicate, "Large RS" has the highest yield of bio-hydrogen production among the other rice straw sizes with the value of 14.46 + 0.47 Nml H2/g VS. These results show that size reduction does not always have a positive effect on bio-hydrogen production yield. As it is obvious, the yield of "Large RS" is almost 2.5 times more than "Fine RS".
Many studies are done using fine particle size of lignocellulosic waste materials for biogas production supported with the theory that size reduction will increase the available specific area for activity of microorganism and ruin the crystallinity of lignocellulosic material and make biomass more bio-degradable for biogas production [42] .
Results of this study contradict this theory. Several studies are done on effect of size reduction on biodegradability of lignocellulosic biomass and proven that size reduction effectively increases biodegradability of biomass [42, 47] .but it does not mean that size reduction increase biogas production as well. As our study indicates, size reduction in excessive levels is not always a proper solution to increase bio-hydrogen production yield. Izumi et al.,( 2010) , [48] reported that "Excessive size reduction of the substrate caused VFA accumulation, resulting in decreased biogas production and decreased solubility in the anaerobic digestion process". In a successful biohydrogen production highest yield will achieved when acetic acid is the final product, and lower yield of bio-hydrogen will achieved when butyric acid is the final product [1] .. Izumi et al.,( 2010) , [48] reported that for smaller particle size production of butyric acid increases sharply and production of acetic acid decreases sharply. Motte et al., (2013) , also reported that a decrease of particle size has negative effect on the biogas production. From these studies it can be deduced that smaller RS particles enforce fermentation process to production of butyric acid and hydrogen:
C6H12O6 → CH3CH2CH2COOH + 2H2 +2CO2 Equation (10) [1] While larger RS particles shift the fermentation process to acetic acid and hydrogen production:
Equation (11) [1] It can be clearly understood from these equation that biohydrogen production is theatrically 2times more in Equation (11) compared to Equation (10) .
On the other hand, there is a theory in design of fixed bed (packed bed) bioreactors which says using fixed bed bioreactors will increase and enhance the connectivity between two phases of materials in the fermentation environment. There is the possibility that in this study the large particles of rice straw "Large RS" were acting similar to packing materials in fixed bed bioreactors and therefore, giving more possibility to the microorganism to immobilize on RS particles. On the other hand, mixing was properly done during the fermentation process using a shaker water batch, therefore the low HPY of "Fine RS" could not be due to the settling down of RS particles in the bioreactors.
On the other hand Lignocellulosic materials have an internal and an external surface area. Increase in both of these surfaces, improves digestibility of the materials when exposed to enzymes. External surface area size depends on shape and size whereas the internal surface size relates to capillarity structure of the cellulose fibers the size of the penetrating reactant [49] .Although size reduction increases external surface of cellulose fibers; it does not impact their internal surface area size. Exposure to humidity on the other hand, causes swelling of the fibers and significantly increases internal surface area size which in turns has a positive effect on digestibility of the material. In case of very highly milled small particles, absorption of humidity causes re-formation of cellulose crystals and decrease in digestibility of lignocelluloses [50] [51].
It can be understood from figure 4, that for particle sizes smaller than 2mm, negative effect of re-crystallization is more than the positive effect of increased surface area size. This leads to a reduction in digestibility of lignocellulose and consequently decreases of HPY. 
Optimum bio-hydrogen production
Triplicate test were carried out to produce bio-hydrogen from co-digestion of rice straw and activated sewage sludge in optimum conditions. Optimum heat treatment condition of ASS (100°C, 60 min), optimum pH (5.01), VS ratio (4.54:1) and RS size (Large RS) were chosen to conduct the experiments. These experiments resulted in average bio-hydrogen production of 14.54 +0.29 NmL H2/g VS. Concentration of bio-hydrogen in total biogas was 69.95 + 0.82 %. Methane production yield was 0.081 + 0.005 NmL/g VS which was 0.12 + 0.03 % of total produced biogas. This low production of methane shows a proper inhibition of methanogens activity which is one of the reasons of high HPY. Due to the inhibition of methanogens, nutrition, carbon and nitrogen were more accessible for hydrogen producing bacteria. Also very low amounts of hydrogen gas were consumed by methanogens bacteria in methane production process. On the other hand "Large RS" particles (2-20 mm) which were used in these experiments had more specific surface area and less crystallinity of cellulose fibers compare to "Intact RS" particles [20-30mm] [23] . The RS particles smaller than 2 mm had more specific surface area and less crystallinity of cellulose in dry environment compare to larger particles. Exposure to humidity will increase crystallinity and therefore decrease digestibility of cellulose in these particles [49] [50] [51] . Therefore proper size of RS particles had a bold role in high HPY. Table 6 shows the final result of this study and several other studies. This table shows that all other studies conducted in mesophilic condition had lower yield of bio-hydrogen production compare to this study.
All of the reported studies in table 6, were conducted in batch mode and reported H2 yield is in std condition (0 °C, 1013 hPa) . Used substrates are raw and only size reduction in different levels is applied. Reported heat treatments in table 6, have either low temperature or short treatment time except for [52] . This low temperature and short time had the lowest HPY in our heat treatment optimization process. This comparison again shows the effectiveness of all optimization processes done in this study. Kim et al., (2012) , [4] is one of the works emphasized on untreated mixed culture. Although in their study energy was saved by using untreated sludge, they lost more energy by conducting the experiment for ten days in thermophilic condition (55 °C). Size reduction of RS (smaller than 2mm) to very small particles was another energy consuming process which was done by Kim et al,. (2012) , [4] . Furthermore, the achieved yield was only 1.14 times more than result of this study, considering that this study was done in mesophilic condition (35 °C) and used larger size of RS.
Conclusion
This study proved heat treatment of activated sewage sludge as the inoculum can significantly increase biohydrogen production yield and concentration. Bio-hydrogen yield of heat-treated inoculum was significantly higher than the untreated inoculum. Moreover, optimization of heat treatment condition can enhance biohydrogen production by successful inhibition of methanogens activity. Data analyses of results using response surface methodology (RSM) showed that the most suitable heat-treatment of sewage sludge as inoculum was at 100 °C for 60 minutes.
This study proved the effectiveness of volatile solids (VS) ratio and pH optimization on bio-hydrogen production yield. It also demonstrated that optimized VS ratio and pH can enhance bio-hydrogen production in mesophilic condition and increase concentration of bio-hydrogen in total biogas. Furthermore, adding rice straw to activated sewage sludge as a carbon source had successful results and enhanced VS ratio, C/N ratio and concentration of organic material in bioreactor environment. Analyses of data using RSM introduced optimum condition for biohydrogen production from co-digestion of raw rice straw and activated sewage sludge to be at pH=5.01 and VS ratio= 4.54:1.
Results of this study have also shown that rice straw size reduction to powder size (the size which is widely used in lab scale studies) has a negative effect on bio-hydrogen production yield. Highest yield of biohydrogen was achieved by using rice straw particles which were not intact but were smaller than 20 mm and larger than 2mm in both length and thickness.
